A backward dark-optical-comb-injection mode-locked semiconductor optical amplifier fiber laser (SOAFL) with a femtosecond pulse width and an ultrahigh supermode-noise suppressing ratio (SMSR) is primarily demonstrated. The mode-locked SOAFL pulse with a spectral linewidth of 0.45 nm is shortened from 15 to 8.6 ps under chirp compensation in a 420 m long dispersion-compensated fiber, corresponding to a time-bandwidth product of 0.48. The eighth-order soliton is obtained by the nonlinearly soliton's compression of the chirp-compensated SOAFL pulse in a 112 m long single-mode fiber at an input peak power of 51 W, providing the pulse width, the linewidth, and the nearly transform-limited time-bandwidth product are Ͻ200 fs, 13.8 nm, and 0.34, respectively. The phase noise and integrated timing jitter at an offset frequency below 1 MHz are −105 dBc/ Hz and 0.8 ps, respectively. An ultrahigh pulse-compression ratio of 43 and a SMSR of 87 dB for the eighth-order SOAFL soliton are reported. Femtosecond passively mode-locked erbium-doped fiber lasers (EDFLs) with versatile pulse compression schemes have been comprehensively investigated.
Femtosecond passively mode-locked erbium-doped fiber lasers (EDFLs) with versatile pulse compression schemes have been comprehensively investigated. [1] [2] [3] A shortened pulse width of 50 fs has been reported as a result of a high-order soliton's compression in a nonlinear amplifying loop mirror (NALM). 1 A similar technique was employed to generate pulses as short as 125 fs at a peak energy of 0.5 nJ from a figureeight EDFL. 3 In contrast, few results on the femtosecond pulse compression of actively mode-locked EDFLs have been addressed. [4] [5] [6] With the use of a dispersion-decreasing fiber and an erbium-doped fiber amplifier (EDFA) based external compressor, the actively mode-locked EDFL pulse train can be compressed from 1.8 ps to 172 fs. 5 An 850 fs EDFL pulse train at 40 GHz was obtained with an intracavity dispersion-shifted fiber (DSF) compression technology. 6 Recently the backward optical injection mode-locking technique has emerged for semiconductor optical amplifier fiber lasers (SOAFLs). [7] [8] [9] A darkoptical comb has been employed as a backward injecting source. 10 However, the shortest pulse width of an actively mode-locked SOAFL ever reported is approximately 1 ps. [10] [11] [12] In this Letter we demonstrate the generation of a high-order femtosecond soliton from a backward dark-optical-comb-injection modelocked SOAFL. Figure 1 shows the backward dark-optical-combinjection mode-locked SOAFL system, which is composed of a SOAFL loop, a backward optical injector, and an all-fiber-based pulse compressor. In part of the SOAFL loop a traveling-wave-type semiconductor optical amplifier (SOA) (with a threshold current of 50 mA and gain peak at 1530 nm) is dc biased up to 225 mA for high-gain operation. The intracavity isolator (ISO) ensures unidirectional propagation, while an intracavity optical bandpass filter (OBPF) prevents lasing at the wavelength of the backwardinjected signals. The total cavity length is 14 m, and a 50/ 50 output coupler is used. In a part of the backward optical injector, a butterfly-packaged distributed feedback laser diode (DFBLD) at 1535 nm is externally modulated by a Mach-Zehnder intensity modulator (MZM) driven with an electrical comb generator (COMB) and amplified by a 20 dB gain EDFA, which is then used to backward inject and cross-gain modulate the SOAFL for harmonic mode locking. By operating the dc-bias level of the MZM at 0.3 V dark-optical combs with a pulse width of ഛ60 ps is illustrated in Fig. 2(b) . The output power of the backward dark-optical-comb-injected SOAFL is 26.78 W after harmonic mode locking. In a part of the pulse compressor a dispersion-compensated fiber (DCF) with a dispersion parameter of D DCF = −80 ps/ km/ nm is employed to obtain the chirp-free SOAFL pulse, which is then amplified and coupled in a single-mode fiber spool with D SMF =20 ps/km/nm to excite the high-order soliton. Afterward, a / 4 wave plate is employed, and the secondary pulse can be removed after passing through a linear polarizer.
A short mode-locking pulse width can be obtained since the gain depletion duty cycle of the SOA is greater than 40% within one period, 9 as shown in Fig. 2(a) . The optimized mode-locking condition for the SOAFL is to dissipate most of the gain in the SOA within one modulation period. 13 By backward injecting the SOA with a dark-optical comb as shown in Fig. 2 (c), a gain depletion duty cycle of up to 94% and a nearly 100% gain-depletion modulation depth in the SOAFL are obtained. A perfect mode-locking pulse train with a peak power of 3.5 mW and a pulse width of 15 ps at 1 GHz, believed to be the shortest reported in published works, is achieved under an injecting power of 4.5 mW, as shown in Fig. 2(d) . Such an optical cross-gain modulation can potentially reach a higher frequency than the direct electrical gain modulation of the SOA since it overcomes the limitation on the finite bandwidth of the electrical contact in the SOA. 9, 13 The proposed backward optical injection mode-locked SOAFL system offers advantages such as (a) reduced cavity loss and a stable output due to the removal of the strongly polarization-sensitive intensity modulator from the SOAFL cavity and (b) tunable gain-depletion width and modulating depth for obtaining a shorter modelocked pulse width than is due to the adjustment in power and duty cycle of the backward-injected optical signal. The chirp of the SOAFL pulse is released in a DCF spool with an optimized DCF length represented by 14 where L is the fiber length, ⌬t is the FWHM of the input pulse, and ⌬ is the chirped spectral width. Zero dispersion can be achieved by using a 420 m long DCF since ⌬t / ⌬=33.3 ps/ nm. The linewidth and timebandwidth product (TBP) of the original SOAFL pulse are 56 GHz and 0.84, respectively. The autocorrelated mode-locked pulse shape becomes purely Gaussian and the pulse width is compressed from 15 to 8.6 ps at the linearly DCF stage as shown in Fig. 3(a) . Figure 3(b) reveals that the DCFcompensated pulse exhibits an unchanged linewidth and a reduced TBP of 0.48. The input power should remain below 45 mW to avoid the self-phase modulation (SPM) induced spectral broadening in DCF.
The peak power of the input pulse required for obtaining the Nth-order soliton pulse was theoretically derived as
2 , 15 where is the input wavelength, c is the speed of light, = 8.6 ps is the input pulse width, and ␥ = 1.3 W −1 km −1 for the SMF at 1550 nm is the nonlinearity coefficient. The peak power of the chirpcompensated SOAFL pulse is amplified up to 51 W (corresponding to an average power of 440 mW at a repetition frequency of 1 GHz) for eighth-order soliton generation. Since a high-order soliton follows a periodic evolution with its original pulse shape recurring at multiples of the soliton period Z 0 = 0.332c 2 2 / D SMF 2 (=1.6 km at 1550 nm), 14 the optimized fiber length for an eighth-order soliton is approximately 0.072Z 0 or 112 m in our case. As a result, the nonlinearly compressed soliton pulse shape and corresponding spectrum shown in Figs. 3(a) and 3(b) exhibit a sech 2 -like pulse width and a spectral linewidth of 270 fs and 13.8 nm, respectively. The SOAFL pulse width is significantly compressed from 8.6 to 0.5 ps as the input peak power enlarges to 150 mW; however, the SPM effect is not yet sufficiently large to broaden the lasing spectrum. The SPM and GVD are completely balanced to make the pulse width and the linewidth of the compressed SOAFL pulse abruptly shorten to 200 fs and broaden to 13.8 nm ͑⌬ = 1.7 THz͒, respectively, providing a nearly transform-limited TBP of 0.34. Nonetheless, such an eighth-order soliton compression inevitably leads to a broadened pedestal split from the compressed pulse, and only 40% of the total energy is confined within the central part of the soliton in the optimized compressing condition. The pulse can be reshaped by employing the intensity-dependent nonlinear birefringence effect of the SMF, which causes different polarization mode dispersion on the high intensity peak and the low intensity pedestal of the compressed pulse. An efficient discrimination can be made between the orthogonally polarized peak and pedestal with a / 4-wave plate and a linear polarizer. As a result, the pulse width is narrowed to Ͻ200 fs by entirely removing the pedestal via the birefringent filtering process.
In particular, the high-pass filtering function of the SOA enhances the supermode-noise suppressing ratio (SMSR) and thus reduces the power fluctuation of the SOAFL as compared to the EDFL system. The beating among the numerous harmonic longitudinal modes in the mode-locked laser system results in supermodes at fundamental or lower harmonic longitudinal mode frequencies, which inevitably causes amplitude fluctuation on the envelope of the harmonic mode-locked laser pulse train. The suppression of the supermodes thus ensures the stability of the modelocked lasers. In the rf spectrum, the SMSR is defined as the power ratio of the principal carrier at f repetition to the adjacent supermode at f repetition + ⌬f. Theoretically, the amplitude fluctuation can be described as the ratio of the output power fluctuation to that of the input power fluctuation:
where g is the gain, E s is the saturated energy, P ave is the average power of the pulses, and c is the carrier lifetime. Typically, the EDFL exhibits R Х 1 due to its millisecond carrier lifetime, providing the unsuppressed supermode-noise and power fluctuation. In contrast, the nanosecond carrier lifetime and fast gain-recovery rate of the SOA make R as small as e −g , leading to an ultrahigh SMSR in a high-gain regime. We observe from Fig. 3(c) that the SMSR can be as high as 87 dB, whereas that of an actively modelocked EDFL in a typical configuration reaches only 45 dB. In addition the energies of the adjacent pulses are equalized, which is consequential under the reduction of the mode-beating noise in the SOAFL achieved by the increased carrier recovery rate and the enhanced gain saturation effect with a strong backward injection. Moreover, the phase noise spectral density of the SOAFL decreases to −87 dBc/ Hz and remains constant as the measured offset frequency extends from 100 Hz to 40 kHz. A significant reduction of the phase noise to −105 dBc/ Hz at an offset frequency beyond 1 MHz is observed as shown in Fig. 3(d) . The corresponding timing jitter integrated from 10 Hz to 10 kHz is 0.4 ps, which further increases to 0.8 ps as the integral bandwidth extends to 1 MHz (in combination with the uncorrelated timing jitter). These results also corroborate the greatly reduced spontaneous emission noise in the SOAFL, which is strongly gain-depleted under the backward dark-optical-comb-injecting condition.
In conclusion we have demonstrated the generation of a Ͻ200 fs eighth-order soliton from a backward dark-optical-comb-injection mode-locked SOAFL after external pulse compression in the DCF and the SMF. The linewidth and TBP of the eighthorder SOAFL soliton are 13.8 nm and 0.34, respectively. The phase noise and integrated timing jitter at an offset frequency below 1 MHz are as low as −105 dBc/ Hz and 0.8 ps, respectively. An ultrahigh pulse-compression ratio and a supermode-noise suppression ratio of up to 43 and 87 dB, respectively, have been reported to date.
